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ABSTRACT

This report describes the analysis, design and fabrication of structural
specimens to be used in an investigation of peak pressure and multi-mode
effects of sonic fatigue. These specimens are to be fatigue tested to failure
in the RTD Sonic Fatigue Facility by RTD personnel.

Details of the analysis and design are presented for three-bay panels
and frame stringer panels. The three-bay panels were designed to fatigue
in 10° cycles when exposed to an SPL of 162 db. A linear structural response'
approach is used, and the possibility of nonlinearities is examined.

The frame stringer panels were designed to withstand various combina-
tions of internal bursting pressures and external aerodynamic loads.

Procedures used in fabricating the above specimens, and specimens
designed by R&D personnel are also described.
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1. INTRODUCTION

Sonic fatigue is a major reason for failure in modern, high speed
vehicles. For this reason a good engineering understanding and an
accurate method of fatigue prediction, is necessary in the design and
development of new systems. The Sonic Fatigue Facility at Wright-
Patterson Air Force Base has been designed as an experimental tool
to advance the state of the art in this area. This report describes the
fabrication and design of test specimens constructed for use in this
facility.

The test specimens are divided into two general categories,

The first category consists of cantilevered beams and two bay panels.
These specimens were completely designed by Air Force personnel,

The construction of these specimens is discussed in Sections 4.1 and 4.2,
The second category consists of three bay panels and frame stringer
panels. In this category, the final design was accomplished by PAR
personnel based on Air Force furnished design criteria.

The three bay panels were designed using linear theory and a
fatigue life criterion of 10° cycles. The effects of non-linearities
were examined, The analytical work resulting in the final design is
presented in Section 2 and a description of the fabrication is given in
Section 4.3.

The frame stringer panels are designed to withstand various com-
binations of internal and external static pressures. The design work

is presented in Section 3 and the fabrication is described in Section 4.4.



2. DESIGN OF THE THREE BAY PANEL

The three bay panel (Fig. 1) is designed using linear theory and a
fatigue life criteria of 10° cycles, The panel is to be exposed to normal
incident sound with pressure levels of 162 db, the energy being equally dis-
tributed over a band width three times the frequency separation of the
half-power points of the modal response of interest.

In addition, the effect of membrane stress on the S-N curve for
sinusoidal loading is derived. Random fatigue curves are then obtained
using Miles!' theory which assumes a Rayleigh peak distribution. The

effects of this assumption are discussed,

2.1 DYNAMIC RESPONSE AND STRESS ANALYSIS

The mode shapes to be considered in this analysis are those shown
in Figure 2a and 2b.

The area where fatigue is desired is near the stiffeners. In addition
the region of highest stress is in the area of greatest bending. Therefore,
the modes of interest are those shown in Figure 2a and 2c. Figure 2c will
occur rather then 2b when the Z section is relatively stiff in rotation.

Since the plate is to be excited by a plane wave, the modal force (MF)
can be expressed as:

MF= i p‘-P(z) dz
rea
where p = pressure
Y(z) = mode shape
By examination it can be seen that the modal force for the mode shape shown

in Figure 2a is approximately three times that of Figure 2c. Based on
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this, the mode of Fig. 2a is assumed to be the critical mode in fatigue

and is the only mode considered in this study.

Modal Properties and Response

The equation for the mode of interest (Figure 2a) will be assumed
to be:
Y =(1-cos 6Wx/a) (1 - cos 2My/b)
where Y = mode shape
x = distance along length of panel
= distance along width of panel
a = effective length of panel
b = effective width of panel
The remaining modal properties can be obtained from the expressions
for kinetic energy (T) and potential energy (V) as shown below (Ref 1 & 2).
2T= Sa dx i dy P' ( 3w/3t)2 (1)
(o} 2 ,
2V= DS dx SD dy (0% w/axz & 9° w/ayz)
o
= 2 (i~9) [(82 w/9x%) (% w/dy*)~(&F w/ Ix 3Y)E| (2)

where
@’ =mass/unit area
D =Eh3/12 (1 -9?)
E = Young's modulus
h = thickness
vV = Poisson's ratio
w = displacement normal to the surface

glt) Modal amplitude



Assuming that
w= 8(t) {1 - cos (6arx/a)[1-cos (2Ty/b)]
equations 1and 2 can be expressed as
2T= ¢’ § Sﬂ dxgj dy [i - cos (6‘|Tx/a]
[ - cos (ZTTy/b] " (3)
= €p Se ai SO dy [%fnz/az) cos (6T/a) ,

(1 - cos (2My/b) + (497° /b )cos @Ty/bB (1 - cos 6‘|Tx/a:] -2(1-V)

{(36'{[2/5-) (492 /b2) cos (2TTy/b) cos(6dTx/a)
(i - cos(2ary/b) [ - cos(6Tx/a)] - (64 - (29/b)sin (2Ty/b)
sin (6 Mx/a) 2} (4)

Changing the variables to:
8=69x/a and @=2Ty/b
de=6 I /a dx and df = 297/b dy
and using: 0 =69 when x=a, @ =29 when y=b; equations 3 and 4 become:

P2 29T
2T = ? P'S«r dOS dg (1 - cos 0)2 (1 - cos ﬁ)z (a/69)(b/29)

o2 6 291
or 2T1=% e’ (ab/12 a?) S (1 - cos 0)2 dg-j (1-cos G)Z d¢ (5)
o

(o]

and

2V= ‘gzD 36 de gﬂrdﬁ {[36‘]12/3 Jcos @ (1-cos @) +
2

(491 /b )cos @ (1-cos Gﬂ
- 2(1-V) [36"[1’2/;32) (492 /6%) cos § cos @ (1-cos g) *

-COSsS - c'T sin sin 2
& 8) - (6 MWa(29T/b) d 0) }éﬂ %



2 6T qr
or ZV_.-:'.% 12 Etb':“'2 D S de SZ dﬁ [-é/a-4 (1 - cos g)z

2 b 9
cos“0 +1/9b% (1 - cos 0)% cos?g +

(2 \’/azbz)cos 0 cos (1 -cos @) (1l -cos )+
{2(1—9}/a2b2} sing sinzﬁj (6)
Equations5 and 6 are solved by means of the following integral forms:

mer 2 mAqr
S cos =4z =S sinzdz = mqr/2
(o] o]

m T
S (1 ~cosz)coszda= -mqr/2
o

mAqr 2
g (1 ~cosg) da = 3mI/2
o

Therefore,

2T = (9/4) p’ab ¥ (7)
and 2V= fz 12 abqr% D (311'2) (R) (8)
where R = (2‘?’/.':3.4J‘—1/I’>I:)4 +2/a2b2)
It can be shown that:

2T = M ~'§2
and 2V =K 'gz
where M = Modal mass

K = Modal stiffness
This results in the frequency for the mode of interest being:
w? = K/M =169 D/gfa?? [ 27 (b/a)"+1/3 (a/v)242] (9)
Letting
B = 10? ps!
¢=ph (.1h/386) (1b sec?/in%)
y=.3



a=241in

b=13 in
gives W=2.52x 104 (h/in) (radians/sec)
or f =4,05 x 103 (h/in) (cycles/sec)

The stress of interest is the maximum stress on the panel. This
will occur in the outer fibers and at the center of the long boundary
(stiffeners). The expression for the stress is (Ref. 1):

s, = -E(/2)(1 - v [(dzw /3 x9+ V04w / ay%)] (10)
where

w = Al - cos 69Tx/a) (1 - cos 2My/b)

w = displacement normal to the plate

A,,=the amplitude of the mode
This gives:

S, = EA;fITZ/Z)(l -\)2) EB()/&Z) cos(69rx/a) (1 - cos 29Ty/b)

+V4/b% cos(2qTy/b) (1 - cos 6"rrx/a):1

The maximum stress occurs at:

X=o0, a/3, 2a/3 and a ; =b/2
Therefore,
)
s = 36 E‘A”}‘xﬂz/az (1 -v2) =12-369° AD/h%a (11)

For the static case, A,is the static modal deflection, or

A,_ Modal force due to unit pressure _ Fg

~ M™Modal stiliness K

and
b

= SZ dx SO dy [0 - cos (6‘[Tx/a}][l - cos I'Z"ITy/bn:_ab



This gives

A =ab/K (12)
where

K =369 Dab (27/a%+1/3b%+ 2/a2b2)
as previously shown.

Substituting Eq. 12 into Eq. 11 results in the maximum static
stress per unit static pressure as:

Sy/P, = 18.4/h?

The dynamic stress can be expressed as (Ref. 3):

Spus = (72 @ £ psp ()% s_/p, (13)
where

SrMs = Maximum RMS stress

Q = Quality Factor

f = Natural frequency

PSD(f) = Power spectral density of the exciting pressure

Sg/Pg = Static stress/static pressure

The acoustic energy for the test will be limited to a band width of
3 times the frequency band width between half power points of the response
mode of interest, or:

Af = 3£/Q
The power spectral density of the acoustic energy in this band can be
expressed as:

PSD(f) = L/af = IQ/3f (14)
where

= square of the acoustic pressure acting on the panel,



Combining equations 13 and 14 gives:

Spis = Wyt 5./P, (15)

Assuming that the Q of the panel is 10, and the level obtainable in
the WPAFB fatigue facility is 162 db (.365 psi) yields:

Syras 50.0/h%

The desired stress is the random fatigue strength for 7075-T6
aluminum at 10° cycles, This value is slightly less than 20,000 psi as
obtained from Figure 3. The resulting thickness is:

hZ=50/20,000 = 25 x 10" in?
or h = 0,05 in

This value is the result of a conservative analysis. For example a
stress concentrative factor of 1.25, ora Q of 12.5, or an SPL of 164 db
would raise the value to:

h =0.0625 inches

The stress concentration factor of 1.25 is more realistic. The Q of
12.5 is probably still conservative, and the 164 db is probably obtainable.

Therefore, a thickness of 0.0625 inches is still conservative and will be

used in the remainder of this section.

Effect of Stiffeners

The Z section stiffeners will not be sized but rather will be assumed
to be 1 inx 2 in x 1 in x 0.125 in. (The thickness is 2h). This portion of the
analysis utilizes the simplified models given in Fig. 4 and shows that

Z section flexibility will not invalidate the previous analysis.

10
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First, some of the properties of the Z section must be defined.
Its mode shape will be assumed to be:
‘-l’-_:g(l - cos 29Ty/b)
The modal properties will be obtained from the kinetic energy and
frequency:
2T = m Sb (aw/at)*" dy (16)
m= 0.50; = mass/unit length
for thickness = 0. 125 inches (2h).
2T = .50p YZS (1 - cos 2‘!1‘.')(/b)2 dy
. o 2M
=$2 .soeb/zqrs [ = con 0" do
= .50 %% be3a/2m = §leb .75
Therefore the modal mass is:
M=.75pb = 2.52 x 10> Ibs sec?/in
From standard frequency tables (Reference 5)
f =2.87 x 10°
w=1.80x 104
wh 3.32 x 108
and
K=Mwf = 8.36 x 10° 1b/in
The model shown in Figure 4a represents the plate pinned by the
stiffeners and is compatible with the mode shape of interest. This model
will be solved in order to relate the k and M values to the previous plate
model.
A solution can be obtained for the model using the potential and

kinetic energies as shown below:
oY -

1
2 2 2
2V=k [4 (0/2)" + 501__1 =6k 0]

2T=3M X

13



where M =1/3 of the plate's modal mass
k) = spring constant required to give the proper stiffness.
Assuming small displacement
0;=2x;/L where L=a/b
and 2V=24k; xf/L?
let k=k;/L%
therefore:

2V = 24kx$

2
and () = 8k/M
2

_r]_ is the frequency previously found for the plate. This results in
o =.Qz M/8
The rlnodel shown in Fig. 4b represents the plate supported by
flexible Z sections. The mass and stiffnesses of the Z sections (MZ and kz)
are the modal mass and stiffness previously found. The solution for the

model can be obtained as shown below,

v 12 2 - 2
2T =M, (le + k3)+2M2 X 5 (19)
2 2 2 2 2
2V = kl (491 + 20, + 293 + 94)-%- 2 kp Xo (20)
where
01= xl/L : 0, =(x2 - xl)/L - xl/L 5

05 = (x, - 2x)/L , 93:()(3—)(2)/]_4-(){2-}(1)/]_.
03 =(x, -2x2+xl)/L .

04=2 (x; - x3)/L



therefore

2 2 2
2V =k [4:(1 + Z(xz - le) + 2 (x3 - 2x; x)) +
2 2
4(x2 - x3) ]-I- 2 k, x5
It can be shown that the potential and kinetic energies can be put into

the form:

n n - -
T=1/2 2. 3 x % My

i=] J=1
n n
V=1/2 % Ele X X; Kij
where n =number of degrees of freedom and, Mij and Kij are the elements

of the mass and stiffness matrices.
The frequencies and mode shapes can be obtained from the solution of

E( - wZM:l = 0 which is the standard eigen-value problem.

Therefore,
ZM,
M= M,
g
and

14k -8k 2k
K= -8k 14k 2k-8k

2k-8k 6 k

and
— 2 =
14k—2M1w -8 k 2 k
fis
0= -8 k (14 k 2 k, - 2w M;) -8k
| 2k -8 k B~ 2w
1]

15



On expansion, the determinant becomes

6 2
J:w - (13My M, K + Mk +7 kM%) i +
2
(40 Mzk? +13 M} Kk k, + 43M1kl)w2

3 2 2
- (24 k] + 40 klkzﬂ 1/M,M; = 0
2
Recall that {1 = 8k, /M,

and

2
.(7_2 :kZ/M2=Squared circular frequency of the stiffener

Let

5. 3 B o3
s=w/q, »{L,/0; = kM,/8k M,

(21)

where = natural frequency of the system,and rewrite equation 21;this yields:

g - (13/8 +7/8 MI/M2+_Q§/_Q§ )s2 + (43/64 M| /M, +13/8 ﬂi/ﬂ? + 5/8)S

- (3/64 My/M, + 5/8 _O.z/ﬂ?‘;) =0

The numerical values are:

2 2
) /) = 145and M;/M,=1.5
2"

This gives

s3 _ 148 s%4238 S-91=0

The root of interest should be the first one less than S=1.

is the case, an approximate value can be obtained from:

g% . S 238/148 4+91/148=0 or
1/2
s—l.bli(o.l4)/_]/2

S =0.99 and 0.62

Assuming this



Using 1 as a first approximation and applying Newton's Method

which states:

Xy =X - f(x)/f(x)

gives:
$=1.00 - (1 - 148+ 238 - 9LYf5 - 296 +239
S=1-0=1
The mode shapes can be obtained from any two of the equations of

motion derived from the energy expressions:

gt [dr-v)/dk] - dz-v)/dx =0

The two chosen are given below:

1 2
-(JJZ Ml X3 + k (2)(3 - 4XZ - le +4X3 - 41{2)::0

gl 2 - 4 m -
w? My x k) (4 +8x - dx,  2x) - dx, +2%) = 0

Putting these in terms of S and rearranging and letting x=1
gives:

(-S8 + 7) - 4x,+ x4 =0

+2 - 8xy 4+ x3 (-S8 + 6) =0
or

x3 =(165 - 1285 - 4)=45 -3/25 - 1, for S =1

xy = (16 - 12) / (8 - 4) =1
and

X5 =(SS-?— )/-4 =0

17



Therefore, within the accuracy of this model, the stiffeners will
not affect the sizing analysis. It is concluded that the plate shown in
Figure 1, if constructed of 0.0625 in. 7075-T6 aluminum, stiffened by
0.125" x 2" x 1" Z section stiffener will fail in less than 105 cycles when

subjected to the acoustic field assumed previously.

2.2 LINEARITY ANALYSIS

Non-linearity of the panel behavior due to membrane stresses could
affect the fatigue life of the panel. This effect is examined for one bay of the
three bay panel.

The membrane stress can be determined from the change in length
of a strip of unit width across the panel. The cross section of the panel
is shown in Figure 2.5. From this figure the differential increment of width

across the panel can be expressed as
ds =dx/eos ©

The overall change in length is:

£

Afxr-S—Bx: Sx dx/cos 8 — Sx dx
o

o}
or

Aﬁx'—'-szx (1 - cos @)/cos 8 dx

o

Since 0 is small, cos & == 1,

2
Aﬂxzsx (1 - cos 0) dx
o

18
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and

2
cos @21 -0 /2 + ...

Therefore

?
At = 5" 0%/2 ax

(o]

A mode shape is assumed as follows,

LV(x,y) =(1/4)(1 - cos 2Wx/%) (1 - cos 2TMy/b)
for which the displacement is

w (x,y) = $/4 (1 - cos 2x/%) (1 - cos 2ary/b)
From Figure 5 it can be seen that

0 = dw /dx
At the point of maximum displacement (where y =b/2),

0 =81t sin(2Mx/1y)

and
ak /b= et
The definition of Young's modulus is:
E =0/Af/L

Therefore

S,=E §/@L)

2
The membrane stress, dT, is proportional to _? 2 the bending stress,
Gy » Proportional to ? . Therefore the Oy as a function of O’Bcan be defined

if both are evaluated at the same ? 7
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The bending stress is expressed as:

0L =E/1-9A(1/2) (9%w/0x%+ V2w /dy?)
Evaluating the expression at the point of max. bending stress, x= 0 and
y=b/2 gives

52w/dx2 = ?2‘!1'2/2)(2
and

d%w/dy* = 0
The physical constants are

E =10 psi

V=.3

0z =20,000 psi

h = 0.0625 iIn.

Ex"-' 8 in
Giving
?;: . 188 in

Resulting in a membrane stress of

& = 13,600 psi.

Before any conclusions can be obtained from this result the effects
of the non-linearity on fatigue life must be dete rmined.

For one complete cycle of the panel, the tensile stress is zero when
the bending stress is zero, and is maximum positive when the bending

stress is maximum positive or negative as shown below:

s

Aﬂﬁ
S
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The net effect is similar to a preload having a magnitude equal to the
maximum of the tensile stress. Assuming this is the case, the required
information can be obtained from a constant life chart (Ref. 2) with G as a
function of O;superimposed, as shown in Figure 6.

The sinusoidal fatigue curve can be obtained by plotting the fatigue stress,
as a function of life, along the zero mean stress curve. In a like manner, the
effect of the non-linearity on the fatigue can be accounted for by plotting the
intersections of the constant life line and the curve of cs’Tvs C{B. Such S-N
curves are shown in Fig. e

Assuming a Rayleigh peak distribution for dB’ the random fatigue curves
can be obtained using the method described in Ref, 4. This results in the
random curves shown in Figure 7. The use of a Rayleigh peak distribution
for the non-linear analysis does not give exact results because the panel response
is amplitude sensitive, thereby reducing the higher amplitude peaks that are
predicted from a Rayleigh distribution. If such effects were accounted for in
the analysis, it would result in the non-linear random fatigue curve shown in
Figure 7 being rotated in the clockwise direction. Such an analysis however

is beyond the scope of this study.
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3. DESIGN OF FRAME-STRINGER PANELS

3.1 INTRODU CTION

This section describes the detail design of the frame-stringer panels.
Three panel parameters are considered: static pressure, stringer cross
section, and panel curvature. Six variations of the design are presented as

shown in the following table:

Aerodynamic Internal
Design Pressure Pressure Stringer Curvature

No. psig psig Type

1 2 10 J Flat

2 4 15 J Flat

3 2 10 Hat Flat

4 4 15 Hat Flat

5 2 10 J 60"R

6 2 10 Hat 60"R

All panels are 48 inches wide by 72 inches long, with lengthwise Z frames spaced
at 9 inch intervals, and stringers spaced across the full width of the panels at

5 inch intervals. Designs of curved and flat panels are based on loads produced
in a ¢ylindrical pressurized shell ten feet in diameter. The section properties
for stringers apply to both J-sections and hat sections; thus, only two analyses
are required,-one for each of two loading conditions. The analysis is presented
in detail for the 10 psig internal pressure condition. The 15 psig analysis is
summarized for each structure component and all results presented. They are

referred to as the "10 psi design' and the '15 psi design. "
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3.2 DESIGN CONDITIONS

All panels have skin thickness, stringers and Z frames designed to
resist tension loads perpendicular and parallel to the frames. These
loads are to be equivalent to loads produced in a cylindrical pressurized
shell ten feet in diameter. Two pressure loadings are considered: first,

a 10 psig internal burst pressure , with a 2 psig aerodynamic pressure
normal to the skin, used for designs 1, 3, 5 and 6 listed in the previous
table; similarly a 15 psig internal burst pressure, and a 4 psig aerodynamic
pressure, used for designs 2 and 4,

The analysis of the skin is based on a single 5 x 9 inch panel with an
internal static pressure, and an external uniformly distributed aerodynamic
pressure P, which is either static, or which varies from p, to -py psig
at a rate sufficiently slow such that the structure responds statically to the
applied load,

The design conditions are summarized as follows:

1. A long cylindrical shell, ten feet in diameter,
2 Internal burst pressure 10 psig or 15 psig (two independent conditions. )
3, External aerodynamic pressure, 2 psig or 4 psig, additive to 10 psig

or 15 psig internal pressure respectively.
4, Skin material is 7075-T6 aluminum, Design stress of the material equal
to ultimate stress which is 72,000 psi.

b, Stringers designed for bending and tension loads,

3.3 DESIGN OF SKIN
If the cylinder had no frames or stringers, the skin would be in tension
due to internal pressure. With a framed shell, however, the rigid frames

take out the tangential loads and the skin loading reduces to the normal
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pressure and the boundary restraints of the frames and stringers. For this
analysis the skin is designed to resist normal pressure only. The stringers
are designed to limit their center-span displacement to approximately 10_3
inches relative to the frames. Finally, the frames are designed to exceed

the support strength required for the panel edge reactions and the stringers;

the sum of these loads being the total radial force developed.

3.3.1 Normal Pressure

Boundary conditions for the entire frame-stringer panel are not to
be considered in this analysis. Therefore, the design of the skin reduces to
a consideration of a single 5 x 9 inch panel with an internal burst pressure
plus a superimposed external aerodynamic pressure.

Since the arc width of the panel is only five inches, with a radius of
curvature of sixty inches, the panel strength may be determined approximately
by a flat plate analysis (Wang, Reference 5). The panel is supported on
either side by stringers and on the ends by frames. The frames are rigid
with respect to the sheet. The adjacent panels provide tension and bending
restraint at the sides along the stringers. The stringers can deflect normal

to the skin; but for the present they are considered rigid.

3.3.2 Linear Deflection Theory

Timoshenko (Reference ]) gives the equations for a fixed edge thin (w/t>.5)

panel with ratio of sides a/b=1.8, as:

M, =0.0812 pbz, at center of long side

w, =0.0267 pb4/Et3, at center of panel
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where p=normal pressure, psi
b = width of panel, in,
t = thickness of panel, in,

E=Young's modulus, psi

Solving for the bending moment at the center of a long side:
M, = 0.0812 (12) (5)%= 24.35 b in/in

We now determine the minimum thickness allowea: The section modulus is
Z =1/C =bt%/6
Substituting in the bending stress equation:
O=M/Z =24,35(6)/t> =72,000 psi

Minimum thickness is:
t =0.045 inches
The plate deflection may now be calculated:
w, =0.0267 pb¥/Et3=0.0267 12 x (5)*/10 (0. 45)3

wx: 0.183 inl
The deflection/thickness ratio is 0,183/0.045 =4.04

Timoshenko, Reference |, page 333, indicates a membrane type
analysis should be used if the maximum deflection exceeds t/2.. Therefore,
we must consider the panel as a membrane. The 15 psig internal pressure

condition also requires membrane theory analysis.
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3.3.3 Large Deflection Theory

When the deflection of a panel becomes large the normal loads are
taken out by stretching of the surface and by bending. These large deflec-
tions introduce nonlinear terms into the conditions of equilibrium and are
governed by two fourth-order, second-degree, partial differential equations.
For the case at hand, use is made of existing available data pertinent to the
solution of these equations. References 5 through 9 treat the problem of
large deflection in panels. There is general agreement as to results
although the papers differ in their method of solution, boundary conditions,
and panel dimensions.

Roark, Reference 10, presents a table of coefficients for large deflec-
tions of panels,under uniform load, with a/b =1,5. The deflection and stress
coefficients are plotted in Figures 8 and 9, respectively. The abscissa
for both curves is the dimensionless parameter pb4/Et4, a function of the
panel loading and thickness. In order to determine what panel thickness
corresponds to the design stress, several t's are chosen and stresses computed,
The results are tabulated below for the 10 psig internal pressure design.

Results for both design conditions are plotted in Figure 10,

t po/Et" | w/t | ob?/E|  win. | o, psi
. 025 1900 . 5 - 5
. 032 714 | 3.06 155 .098 63,500
.040 293 | 1.96 76.5 | .0785 49,000
.050 120 | 1.37 40.0 | .0685 40,000
.063 48 | 0.81 19.7 | .0510 31,200
.070 31 | 0.60 13.6 | .0420 26,600
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Based on this fixed edge analysis, the skin thickness should be 0.0295
inches and 0.0395 inches for the 10 psi and 15 psi designs, respectively.
Selecting the nearest commercially available sheet, the skin thickness be-
come 0.032 and 0,040 inches.

Thus far the 5 x 9 inch panel has been assumed to be fixed at the
stringer centerline. Actually a double row of rivets is used, thus reducing
the effective panel width. Once the stringer designs are set, the skin
thickness selection is reviewed and modified if required, based on the

effective panel width.

3.3.4 Effect of Stringer Deflection

The maximum stress in the panel occurs in bending at the center of
the long edge. Deflection of the stringers occurs in a plane perpendicular to
the panel and parallel to the long edge, Deflection in this plane would have
a second order effect on stress in the plane normal to the long edge. We may,
therefore, consider the fixed edge analysis above to be final, keeping in mind

that stringer deflection must be minimized.

3.4 DESIGN OF STRINGERS

3.4.1 Axial Tension

Pressure on the ends of a closed cylinder produces axial loads in the

structure. The total force is:

P_—p(Area)= p!’lTR2

The number of stringers is

N =circ. /span=2%R/5 =75.5 ~75 stringers
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Letting the stringers carry the entire load, the force per stringer is:
Py =P/N=piR?x5/29R =5 pR/2
and the required cross sectional area for each stringer is:

A = st/f = Force per stringer/stress
This shall be evaluated in a subsequent section which combines axial

and bending stress to arrive at total stress.

3.4.2 Distributed Normal Load

The stringers support the long edges of the 5 x 9 inch panels. There-
fore, the load distribution along a stringer due to a single panel must be

determined.

Consider a one inch wide strip from c to d as shown above. Taken as

a uniformly loaded beam, the shear at c is:

V.= P/2 =Wbb12

C

where W, = the distributed load in 1b/in.

The shear at any point along the long edge may be expressed as:
v, =(1/2)Wbb Sin (qIx/a)

based on the assumption of a sinusoidal load distribution (Reference 9 )e
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Similarly, shear along the short edge may be expressed as:
el /2)W 4aSin ({Ty /b)
where W, = distributed load in 1lb/in.
Now we have two requirements: The total reaction force must equal

the applied pressure load;

a b
Wb S Sin 97 x/a dx + W,a SO Sin(1ly /b) dy =pab
o
and the maximum deflections at the center must be equal
4 4

Wbb /38bEI = W_a /38bEI

or:
4

Wa/Wy, =(b/a)
Solving the above equations:

Wy = par/[2(1 +(b/a)]

W, =p/ B+ (a/b)%]

The total load on one long edge due to a single panel is:

P, = 1/2 Wb Sﬂ Sin(Trx/a) dx
=pab/2. 187?
and along the short edge:
P;=W,abgr = pab/23
For the total pressure, static plus aerodynamic (12 psi), the
distributed normal load on a stringer due to one 5 x 9 inch panel is:
qg = 1/2 Wyb = pbTr/4 (1 +(5/9)%) =12(5)9/4 (1 +(5/9)4)
=43 lb/in at the center of the stringer,.
The bending moment in the stringer under sinusoidal loading is:
M., = - 0645 gsa®= .0645(43)(9)

= 224 in 1b
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and:
Mmax=448 in 1b due to two adjacent panels.

3.4.3 Combined Stress

The combined stress in-a stringer is:
0=p/A +M/Z

If we design to ultimate stress, the combination of axial and bending
stress must sum to §,. Since many stringer designs could possess the
required properties, curves have been constructed relating pressure,
area, and section modulus., These are shown in Figure 11, Any stringer
with properties which place it on or above the curve is adequate. We will
first select a member which has minimum requirements. To limit deflec-
tion, Z should be large. Minimum thickness limits this, however, as the
stringer should be at least as thick as the skin being attached to it. With
this as a limit, several trials were made until the hat section shown in
Figure 12a was chosen. Point A on Figure 11 indicates that the section
is a minimum design with:

Material =7075-T6

A = .067
Z = ,0082
I =,0021

Deflection of this beam would be:
w = qa?/456EI = (2 x 43)(9)%/456 (10)7 (.0021) = 0.059 in
This deflection is not acceptable, It approaches the magnitude of skin
deflection relative to the stringers and would therefore tend to increase the

panel loads. The design is also unacceptable because:
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.1. Height of hat would limit design to 1/16 rivets to attach corner supports.,
Four vivets, 2 per bracket, would nat have shear strength to support
stringer relative to frames.

2. Section too flimsy. Low torsional stiffness.

3. Rivet installation would be critical, edge distance minimum, chance of
bad installation inside hat.

4. If extrusions were chosen, the thin wall would be difficult to extrude
and warping due to heat treatment would be a problem.

One solution is to go to a different aluminum alloy for the stringers.,
For 2024-T3 extrusion, ultimate stress is 57,000 psi. This lower stress
requires more area and/or a larger section modulus (Z). Therefore,
dimensions would increase, larger rivets would be possible, and deflection
would decrease., Figure 12b shows a possible configuration for a hat
section. This section's area and modulus are indicated as point B in
Figure 11. The deflection for this section is:

W = qa4/456EL = (2 x 43)(9)*/456(10) (. 00389) = 0. 032 in.

This deflection is marginal, Therefore, another method will be tried..,

3.4.4 Deflection Limited Design

The above analysis attempted to design the stringers to ultimate
stress under the imposed loads. This approach is possible; but, as
indicated above, it results in a marginal design with difficult rivet
installation and relatively large deflection.

The most realistic mode of failure due to acoustic loads is failure

of the skin, rather than the stringers. To assure skin failure the stringens
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are designed to an arbitrary defleetion Limit rather than to
ultimate stress. This, of course, relieves all problems associated
with the small section.

Proceeding with this method, sections are selected which limit
deflection to approximately 0.010 inch and allow use of 3/32 or larger
rivets. The moment of inertia required for the 10 psi design is:

I1=qa?/456Ew = (2 x 43)(9)%/456(10)7(. 010) = . 0124 in?
and for the 15 psig design:
I=(2 x 68)(9)%/456(10)7(. 010) = .0196 in?

Sections have been selected which meet or approach these require-
ments. They are shown in Figure 13 and their properties are listed in
the following table:

Moment of

Figure Type Ar%a Inertia Z3 Deflection
No. Section in in# in Max. In,
13¢ hat 0.118 0.0096 0.021 .013
13d hat 0.184 0.028 0.049 . 007
I3a J 0.110 0.0098 0.021 . 007
L3b J 0.175 - 0.028 0.046 .007

3.4 EFFECTIVE PANEL WIDTH

Now that the stringer cross seetions have been selected, it is possible
to verify the skin thicknesses required by going through the analysis with a
panel width based on the stringer rivet spacing.

Consider the 10 psi design with J section stringers. The stringer is
riveted to the panel with a double row of rivets spaced .50 inches apart.
The effective width of the panel is now 4. 50 inches, the span between rows
of rivets. Using this width in the analysis outlined in paragraph 3. 3.3 yields

a skin thickness requirement of ,0265 inches. The .032 sheet is still the
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nearest commercial size. The 15 psi design with J section stringers
has an effective panel width of 4.2 inches, resulting in a skin thickness
requirement of .034 in. Again, the ,040 in sheet previously selected is
the nearest commercial size.

The hat section stringers have a wide rivet spacing but they cannot
be considered rigid at the rivet line. They are made of sheet and deform
under load with the skin. The effective panel width is reasonably assumed
to be the same as that of the J section panel. Thus all designs stand with

.032 in sheet for the 10 psi design and ,040 in sheet for the 15 psi design.

3.5 DESIGN OF FRAMES
On the basis of tension loads due to a pressure loading onthe cylinder,
the minimum frame area may be computed assuming ultimate stress for
2024-T3 and substituting in the hoop stress formula, Taking the total hoop
load out through the frames gives:
. o’= Load/Area = p(width)2R/2A
or A=1(12 x 9x60)/(72000 x 2)
A=0,045 in®
for the 15 psi design:
A=0,056 inz
These areas are conservative since the aerodynamic pressure which
is included does not act around the entire circumference of the shell., The
required minimum areas are approximately the same as the stringer areas;

therefore, it may be concluded that hoop loads alone do not design the frames.
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The selection of frames is thus arbitrary and sizes are selected to be
compatible with the skin and stringers. A thickness of approximately twice
the skin thickness is selected. Height is taken to be about 2 1/2 times the
stringer height. Figure 14 shows the frame cross section selected. Di-
mensions were taken from the Army-Navy Aeronautical Design Standard

ANDI10138,

3.6 RIVET SELECTION
Rivet spacing is one inch or less to assure even load transfer from
sheet to stringers, Rivet diameters are selected to insure adequate margin

of safety. AD type rivets with 30,000 psi ultimate stress are used throughout.

3.6.1 Skin To Stringers and Frames

The skin to stringer attachment is made with a row of rivets through
each flange of the stringer. The following discussion applies to one row only.
Recall that the maximum normal stringer load was 43 lb/in. at the

center of the span due to one skin panel only. For a nominal one inch

rivet spacing the rivet strength must be greater than 43 lbs. (or 68 lbs for

the 15 psi design). Rivets of 1/16 diameter have an 80 lb. capacity which

would be more adequate. 3/32 diameter rivets, however, are the minimum

recommended size for aircraft construction, and are used for all specimens.
The previous analysis of the normal loads between the skin and the

frames indicated a maximum load at center of the five inch span of:

ag=1/2 Wa = paar/i(1 +(a/b)7]

= 12(9)qT/4(1 + (9/5)%)

=7.36 1b/in
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due to one panel. Two panels load it to 14.8 lb/inch, well within the
capacity of 3/32 rivets. The 15 psi design loads the frame to 23.4 1b/in;

also within the capacity of 3/32 rivets.

3.6.2 Stringers to Frames

The load transferred from a stringer to a frame for the 10 psi design
is:
P,y =(pab/2.187)2
=(12 x 5 x 9/2.187) 2
= 495 1b.
And for the 15 psi design:
P . =785 lb.

The joint is held by two clips as shown in Figures 15 thru 18. The
clip design is shown in Figure 19. There are thus four rivets in single
shear carrying the load. Four 3/32 diameter rivets carry 4 x 217 =868 1b. in
shear (ultimate) which is adequate for all specimens. The margin of safety
is 75% for the 10 psi design and 10% for the 15 psi design. The frame cut-

outs for the various configurations are shown in Figures 20 thru 23.

3.7 DESIGN SUMMARY

The frame stringer panel designs are summarized as follows. The skin
thicknesses required are 0.032 and 0. 040 for the 10 psi and 15 psi designs
respectively. The stringer cross-sections are shown in Figure 13, frame cross-
sections are shown in Figure 14, and Figures 15 thru 18 present frame
stringer intersections, The basic layout of frames, stringers and rivet

patterns for all specimens is shown inFigures 24 thru 27.
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4. FABRICATION OF SPECIMENS

4.1 CANTILEVERED BEAMS

The cantilevered beams are made of aluminum sheet as shown in
Figure 28. The beam was cut to final dimensions by precision shearing,
and the two holes (to be tapped) were stamped out,

The shims were sheared to final dimensions and two holes stamped
out with the same die used for the central section. The long surface taper
was milled with a side cutting end mill, in a fixture providing rigid backing
for the thin material.

The parts were prepared for bonding according to MIL-A-9067C.
Assemblies of a beam, two shims and FM-1000 bonding film were then
mounted on a fixture with dowel pins, using the holes in the parts for
location. Each set of beams going through this cycle was accompanied by
two bond shear strength test coupons, of which one was tested to guarantee
compliance with the bonding specification, and the other stored.

After bonding and cooling, the extruded beads of bonding agent were
milled to leave a skin less than .00l inches thick on the beam.

Completed assemblies were inspected for final dimensions, bonding
voids, surface defects and thread tolerance. Cantilevered beams passing

inspection were then individually wrapped, and packed in sets.

4.2 TWO BAY PANELS
The two bay panel is shown in Figure 29. All components of the

panel were sheared to final dimensions, the rivet holes were stamped.
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After preparation for bonding per MIL-A-9067C, all surfaces near
bonded edges were covered with a self-adhering Mylar tape, and masks
of teflon were inserted in the frame. These masks served as pressure pads,
but had pressure relief grooves to allow extruded excess bond to flow away
from the metal surfaces. A complete set of flat metal parts, bonding film
for one panel, and two shear test coupons, were installed in a jig; the whole
assembly was processed with a heated platen hydraulic press. Panel assemblies
passing bond integrity inspection were completed by riveting on the zee

sections. Final inspection and packing for shipping completed this phase.

4,3 THREE BAY PANELS

The three bay panel is shown in Figure 30.

The panels and the flat blanks for the zee sections were sheared to
final dimensions; the rivet holes were stamped. Assembly of the three

bay panels was completed by riveting the zee sections to the panels.

4,4 FRAME-STRINGER PANELS

The six types of frame-stringer panels and their details are shown
in Figures 13. through 27,

The skins were sheared to size and the rivet holes (for the stringers
only) were stamped. Clips, with four rivet holes, were stamped and
folded into right and left parts. Curved frames were stretch formed. All
frames and stringers were cut to size, and rivet holes drilled.

In a typical assembly sequence, the clips were riveted to the stringers,
which were then riveted to the skins; the frames, clamped to the skin,
served as drilling templates for the skin. After removal of clamps, riveting

completed the assembly.

70






10.

REFERENCES

Timoshenko, S., Theory of Plates and Shells, McGraw Hill Book
Co., 1940.

MIL-HDBK-5

Miles, T. W., "On Structural Fatigue Under Random Loading,"
Journal of Aeronautical Science, Vol. 21, No. 11, pp 753-762.
Nov. 1954

MacDuff, J. N. and Pelgon, R. P., ""Vibration Frequency Charts, "
Machine Design - pp 109 - 115, Feb. 7, 1957,

Chi-Teh Wang, Nonlinear Large Deflection Boundary Value Problems
of Rectangular Plates, NACA TNI1425, 1948.

Chi-Teh Wang, Bending of Rectangular Plates with Large Deflections,
NACA TN846, 1942.

Levy, S., Bending of Rectangular Plates with Large Deflections,
NACA TN846, 1942.

Bruhn, E. F. and Schmitt, A. F., Analysis and Design of Aircraft
Structures, Vol. I, Tri-State Offset Co., Cincinnati, 1958,

Sechler, E. E., and Dunn, L. G., Airplane Structural Analysis and
Design, John Wiley and Sons, Inc., New York, 1942,

Roark, R. J., Formulas for Stress and Strain, 3rd Edition, McGraw-
Hill, 1954,

72



UNCLASSIFIED

Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classification of title, body of abatract and indexing annotation muat be entered when the overall report ia classilied)

1. ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY C LASSIFICATION
Pacific Applied Research UNCLASSIFIED
2316 Glendon Avenue 25, GROUP
Los Angeles, California 90064 N/A

3. REPORT TITLE
Fabrication of Structural Specimens for the Investigation of Peak Pressure

and Multi-Mode Effects of Sonic Fatigue

4. DESCRIPTIVE NOTES (Type of report and inclusive datea)

Final Report - April 1965 to March 1966

5. AUTHOR(S) (Last name, lirat name, initial)

HINES, DONALD, E.

6. REPORT DATE 74. TOTAL NO. OF PAGES 7b. NO. OF REFS

July 1966 72 10

P

A E T WA N V. . N ]
Al JIUILIT)=4ao I?

9a. ORIGINATOR'S REPORT NUMBER(S)

AFFDL-TR-66-42

Ba. CONTRACT OR GRANT NO.

b PROJECT NO. 1471

e. Task 147101 89b. OTHER :JPOHT NO(S) (Any other numbers that may be asasigned
thia repo

PAR-2D

d.
10. AVAILABILITY/LIMITATION NOTICES

Distribution of this document is unlimited.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY
Air Force Flight Dynamics Laboratory
None Wright-Patterson AFB, Ohio 45433

13. ABSTRACT
This report describes the analysis, design and fabrication of structural

specimens to be used in an investigation of peak pressure and multi-mode
effects of sonic fatigue, These specimens are to be fatigue tested to failure
in the RTD Sonic Fatigue Facility by RTD personnel.

Details of the analysis and design are presented for three-bay panels
and frame stringer panels. The three-bay panels were designed to fatigue
in 10 cycles when exposed to an SPL of 162 db. A linear structural response
approach is used, and the possibility of nonlinearities is examined,

The frame stringer panels were designed to withstand various combina-
tions of internal bursting pressures and external aerodynamic loads,

Procedures used in fabricating the above specimens, and specimens
designed by R&D personnel are also described.

DD "%, 1473 UNCLASSIFIED

Security Classification




UNCLASSIFIED

Security Classification

KEY WORDS

LINK A LINK B LINK C

ROLE wT ROLE wWT ROLE wT

Design
Analysis
Sonic Fatigue

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
‘““‘Restricted Data"' is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200. 10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3., REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank end branch of service. The name of
the principal asuthor is an absolute minimum requirement.

6. REPORT DATZ: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
shouid follow normal pagination procedures, i e., enter the
number of pages containing information.

7b. NUMEBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8¢, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR'S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) **Qualified requesters may obtain copies of this
report from DDC."’

(2)

“Foreign announcement and dissemination of this
report by DDC is not authorized.”’

(3) *‘U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) *“‘U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(5) *““All distribution of this report is controlled. Qual-

ified DDC users shall request through

"
"

If the report has been furnished tc the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. If additional space is required, a continuation sheet shall
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS). (§). (C). or (U).

There is no limitation cn the length of the abstract. How-

ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and weights is optional

GPD BBE6-551

UNCLASSIFIED

Security Classification



